ABSTRACT
INTRODUCTION
Hybrid electric vehicles (HEVs) are commercialized and plug-in hybrid electric vehicles (PHEVs) are becoming more popular. PHEVs are charged by plugging into electric outlets or on-board electricity generation. These vehicles can drive at full power in electric-only mode over a limited range. As such, PHEVs offer valuable fuel flexibility [1] . The maximum penetration degree is 30% by 2030 for Belgium as predicted by Tremove [2] . There are two main places where the batteries of PHEVs can be recharged: either on a car park, corporate or public, or at home. The focus here lies on the latter. The electrical consumption for charging PHEVs may take up to 5% of the total electrical consumption taking in Belgium by 2030 [3] . For a PHEV with a range of 60 miles (100 km), this amount can increase up to 8%. For these computations, a utility factor is taken into account [4] . The charging of PHEVs has an impact on the distribution grid because these vehicles consume a large amount of electrical energy and this demand of electrical power can lead to extra large and undesirable peaks in the electrical consumption. The improvements in power quality that are possible by using coordinated charging is emphasized in [5] . It also indicates that not coordinating the charging of PHEVs decreases the efficiency of the distribution grid operation. Deterministic household profiles are used in [5] , assuming that there is a perfect knowledge of future data. For this approach a sufficient number of measurement data must be available. Most of the time, these measurements are not adequate to do a perfect forecasting of the data. A stochastic approach, in which an error in the forecasting of the daily load profiles is considered, is therefore more realistic. The same assumptions and modelling as in [5] are considered. For the distribution grid, the IEEE 34 node test feeder [6] is used.
QUADRATIC PROGRAMMING
The idea is to achieve optimal charging and grid utilization to minimize power losses in a stochastic approach. This optimization problem can be tackled by the quadratic programming technique (QP) [7, 8] .
Optimization
The daily load profiles are the essential input parameters, which are fixed for the deterministic approach. In the case of a stochastic approach, the uncertainties of these parameters can be described in terms of probability density functions. In that way, the fixed input parameters are converted into random input variables with assumed normal distributions at each node. The standard deviation σ is determined in such a way that for 99.7 % of the cases, the value of the stochastic sample is within a band of 5 or 25 % of the actual value μ for each time step of the daily load profiles.
Results
For 2000 independent samples of each daily load profile in the grid, one optimal charging profile is calculated. This optimal charging profile is used to determine the power losses for the 2000 individual load profiles. This is the stochastic optimum. For each of these 2000 load profiles, the optimal charging profile and the corresponding power losses are also computed, which is the deterministic optimum. The power losses of the deterministic optimum are subtracted of the power losses of the stochastic optimum and divided by the deterministic optimum, defined as ΔP which is always positive. This is shown for a variation of the household loads of 5 and 25% in respectively Figure 1 and Figure 2 . The forecasting of the daily load profiles introduces an efficiency loss because the charge profiles of the PHEVs are not optimal for this specific daily load profile. Prague, 8-11 June 2009 Paper 0160
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If the standard deviation of the normal distribution and thus the variation of the household load are reduced, the 2000 charge profiles of the deterministic optimum will converge to the optimal charge profile and the efficiency loss will reduce indicating that the power losses of the differences will go down as shown in Figure In general, the difference between the power losses of the stochastic and the deterministic optimum is rather small. It is clear that the error in forecasting does not have a large impact on the power losses. The daily household load profiles are having the same trend each day during winter season resulting in an optimal charge profile which resembles to a deterministic charge profile of a specific day as plotted in Figure 3 . Both charge profiles are having the same trend, which is a dip between 23h and 00h, i.e. the peak for most residential loads in this case. Therefore the contrast in terms of power losses is not large between the deterministic and stochastic optimum. The importance of the knowledge of the peak during the evening is demonstrated by Figure 4 . For the simulation, the peak is shifted 1.5 hours to a later time step which increases the efficiency loss, because the vehicles are now charging during the actual evening peak. 
DYNAMIC PROGRAMMING
The optimal coordination of charging PHEVs can also be tackled by the dynamic programming technique (DP). The DP technique decomposes the original optimization problem into a sequence of subproblems which are solved backward over each stage. A classical implementation of the DP technique is the shortest path problem [9] . For the application of this paper, the model is represented as a series of plug-in hybrid electric vehicles. Prague, 8-11 June 2009 Paper 0160
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Optimization
The dynamic programming technique successive approximation (DPSA) decomposes the multidimensional problem in a sequence of one-dimensional problems which are much easier to handle [10] . The optimizations occur at one variable at a time meanwhile holding the other variables at a constant value. All the variables are evaluated that way.
Results
In general, the difference between the results of both techniques is negligible although the QP technique gives more accurate results because the values of the charge profile are continuous, in contrast to the DP technique where there is a step size of 400W introduced for the power of the charger, giving a discrete charge profile. Reducing the step to an infinitesimal value for the DP technique would give the same result as for the QP technique. This step size is taken rather large to reduce the number of levels and with that the computational time and storage requirements. The storage requirements are heavier for the DP technique compared to the QP technique because every possible path over each stage must be stored leading to very large matrices increasing also the computational time and making the QP technique faster. In Figure 5 are the charge profiles for the QP and DP technique compared. The profiles are following the same trend but are a bit different due to the discrete values of the DP charge profile. 
IMPACTS ON THE DISTRIBUTION GRID
The uncoordinated charging of the batteries of plug-in hybrid electric vehicles has a not negligible impact on the performance of the distribution grid in terms of power losses and power quality. The power quality and losses are represented in Table 1 for three cases: without PHEVs, the uncoordinated and coordinated charging. The power quality is given as the average of 1000 samples of peak load, voltage drop and line current during winter season for a penetration degree of 30% and the power losses are the ratio of the power losses to the total load. The coordination of the charging reduces the power losses and improves the power quality considerably with respect to the uncoordinated charging to a level which is similar to the case without PHEVs. The coordination of the charging can be done by a smart metering system. The distribution grid must be enforced to cope with the increased loads and voltage drops by charging PHEVs if this coordination system is not applied. Both scenarios will introduce extra costs for the distribution system operators (DSO) and eventually for the customers.
A global estimation is performed to indicate how many expenses are involved for Belgium for the upgrading of a small distribution grid. For the argumentation, the IEEE 34 node test feeder is connected to each phase of a three phase transformer of 160 kVA which is standard in Belgium, forming a global grid of 100 nodes. Under no PHEVs conditions, the maximum load for the three grids together is 120 kVA. Considering no PHEVs in the future, the transformer has enough reserve capacity for this global grid to meet additional peak load and the load growth for the next 10 years, which is predicted to be a few percent. A 4x95 Aluminum underground conductor of 400 V is standard in Belgium. The maximum capacity of these conductors is 220 A [11] . For the case without PHEVs, the standard underground conductor would be sufficient. If PHEVs are introduced, the power for the global grid increases to 168 kVA, which is out of range for the 160 kVA transformer. This transformer must be replaced by a standard transformer of 250 kVA to deal with the extra PHEVs, the load growth and additional peak load. The price of such a transformer is about €6000 including costs for placement, transport, connection LV and HV,... . Due to the PHEVs, the line currents increase to 266 A. The maximum capacity of the current conductor is not enough and must be replaced by a 4x150 Al underground conductor with a capacity of 280 A. The cost price of these conductor is about 60 €/m including costs for placement, supervision, trench,... . The total length of the grid is about 360 m. The total cost for the replacement is €21 600. The total cost price for the DSO is €27 600 due to the introduction of 30 PHEVs per 100 nodes. It must be emphasized that the cost prices are only an approximated value and gives only the magnitude of the costs. Prague, 8-11 June 2009 Paper 0160
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Voltage deviations up to 10% in low voltage grids are acceptable for 95% of the time according to the EN50160 norm which is mandatory in Belgium [12] . In the case of uncoordinated charging, this limit has been reached and action must be taken to reduce the voltage drop. The problem of the voltage drop can be tackled by placing a capacitor bank or an on-load tap changing transformer although the latter is not common at low voltages, but may be necessary in the future.
There is also another cost involved: the power loss. These losses increase reasonable in the case of uncoordinated charging. The power losses and loads must also be produced and transported over the transmission lines.
A smart metering system based on a multi-agent-system (MAS) must be implemented to control the coordination and communication between the PHEVs individually, the distribution system operator and the transmission system operator (TSO). The vehicles could also be grouped and represented by a fleet manager to communicate with the DSO and TSO. Smart metering will lead to opportunities to make PHEVs a controllable load, to apply vehicle-to-grid (V2G) and to combine PHEVs and renewable energy. This technology is available for implementation, but capital investments by the utilities are necessary [13] . The realization of smart metering only for the coordination of PHEVs would be unlikely but it would be rather an extra incentive for the implementation of this technology.
Less grid enforcements could be necessary with the coordination system. The maximum load is lower because the vehicles are not charging if the household loads are peaking. Therefore, the voltage drops, line currents and power losses are considerably reduced. The cost price of upgrading the grid must be compared with the cost price of the execution of smart metering.
CONCLUSION
In general, coordinated charging of plug-in hybrid electric vehicles can lower power losses and voltage deviations by flattening out peak power, although in some cases, grid enforcement will be necessary. The implementation of the coordinated charging is also not without costs. It is difficult to determine the economical optimum of both methods. However the choice of charging periods is rather arbitrary, the impact of the penetration level is large. Stochastic programming is introduced to represent an error in the forecasting which increases the power losses. This efficiency loss is rather small if the trend of the household load profiles is known, so charging during the peak load of the evening can be avoided.
These results are obtained by the quadratic programming technique. The dynamic programming technique is also implemented but does not improve the computational time or the achieved accuracy. The applied techniques and methods can be extended to other objective functions.
